( Figures 1Am and 1Ap) . Thus, the HDAC6-positive incluThese observations indicate that not all misfolded prosion bodies exhibit the characteristics of an aggresome. tein aggregates processed by aggresomes are polyubiAggresome formation is proposed to be a cellular quitinated. However, it is not known how the dynein response to increasing levels of misfolded proteins in motor is able to recognize both the polyubiquitinated cells (Johnston et al., 1998) . To further investigate and nonubiquitinated misfolded proteins, or whether it whether HDAC6 is involved in the misfolded proteinrecruits these two different protein cargos via the same induced stress response, we treated cells with tunior different mechanism.
camycin, DTT, and thapsigargin, all potent agents that In this report, we provide evidence of a functional induce protein misfolding. All of these ER-stress-inducinteraction between HDAC6, dynein motors, and polyuing agents cause aggresome formation and a prominent biquitinated misfolded proteins that is essential for agrelocalization of HDAC6 to this structure (Figures 1Bc-gresome formation. We show that HDAC6 is selectively 1Bf and data not shown). Together, these results deminvolved in polyubiquitin-enriched aggresome formation onstrate that HDAC6 translocates to aggresomes in rein cultured cells, and also highly concentrated in Lewy sponse to agents that increase levels of misfolded bodies in brain tissues affected by Parkinson's disease.
proteins. Mechanistically, we show that HDAC6 has the capacity to bind both the model polyubiquitinated misfolded pro-HDAC6 Selectively Localizes to Ubiquitintein CFTR-⌬F508 and the dynein motor. We propose Positive Aggresomes that HDAC6 facilitates the loading of polyubiquitinated Aggresomes can be classified as polyubiquitin-positive misfolded cargo to dynein motors for transport to the and polyubiquitin-negative. To investigate whether aggresome. Indeed, loss of HDAC6 impairs the recruit-HDAC6 is involved in a specific type of aggresome, we ment of polyubiquitinated proteins to dynein, the clearexamined the localization of HDAC6 in relation to CFTRance of misfolded protein aggregates from the cyto-⌬F508-induced polyubiquitin-enriched aggresomes and plasm, and aggresome formation. These deficiencies GFP-250-induced polyubiquitin-deficient aggresomes. cause a hypersensitivity to misfolded protein-induced
We used a GFP-CFTR-⌬F508 fusion protein to study stress resulting in apoptosis. Our findings uncover a CFTR-⌬F508 throughout this report (Johnston et al., 1998). As shown in Figures 2Aa-2Ac , almost all CFTRsurprising role for a deacetylase in aggresome forma- ⌬F508 becomes concentrated in aggresomes when prothat are enriched with a polyubiquitinated misfolded protein. teasome activity is inhibited. In CFTR-⌬F508-positive aggresomes, an intense signal for HDAC6 is invariably observed by immunostaining (Figures 2Af-2Ah) Figure 3D , import the hypothesis that HDAC6 is required for the transport of misfolded and aggregated proteins necessary munoprecipitation of endogenous dynein brought down a series of polyubiquitinated proteins from MG132-for aggresome formation.
HDAC6 Associates with the Dynein Motor
To determine the functional domains of HDAC6 retreated A549 cells, demonstrating that dynein indeed binds polyubiquitinated proteins. To determine if HDAC6 quired for aggresome formation, we reintroduced wildtype, catalytically inactive, or ubiquitin binding-deficient is required for this interaction, we examined the association of dynein and polyubiquitinated proteins in A549 mutant (⌬BUZ) HDAC6 into the knockdown cells and assessed whether the MG132-induced aggresome forcells stably expressing an HDAC6 siRNA that significantly reduced levels of HDAC6 ( Figure 3E ). As shown in mation was restored. To prevent degradation of these expression plasmids by the stable siRNA present in Figure 3D , the abundance of polyubiquitinated proteins coimmunoprecipitated with dynein was dramatically rethese cells, silent mutations were introduced into the sequences targeted by the HDAC6 siRNA. As shown in duced in the HDAC6 knockdown cells (compare lanes  2 and 4) Together, these results demonstrate that HDAC6 is essential for cell viability in response to polyubiquitinated HDAC6 renders cells more sensitive to misfolded protein stress induced by MG132 treatment. misfolded protein-induced stress. We next tested whether HDAC6 is specifically required for cellular responses to accumulation of the Discussion polyubiquitinated misfolded protein, CFTR-⌬F508. To that end, we transfected GFP-CFTR-⌬F508 or GFP-250
The aggresome has emerged as a key organelle in the clearance of toxic cytoplasmic misfolded protein aggreinto control and HDAC6 knockdown cells and analyzed their viability. Although GFP-CFTR-⌬F508 expresses gates often linked with cell death in neurodegenerative diseases. Despite the potential importance of the aggreand induces aggresome formation in control cells in the presence of MG132 (36 hr treatment), repeated efforts some in managing stress induced by misfolded and aggregated proteins, and its association with neurodefailed to recover viable GFP-CFTR-⌬F508-expressing HDAC6 knockdown cells under the same experimental generative disease, few protein factors critical for aggresome formation, other than the dynein motor and molecconditions (data not shown). This result suggests that accumulation of misfolded GFP-CFTR-⌬F508 is exular chaperones, have been identified. Additionally, we do not know how the dynein motor machinery specifitremely toxic to HDAC6 knockdown cells. We subsequently investigated GFP-CFTR-⌬F508 cytotoxicity in cally recognizes misfolded and aggregated proteins for transport to aggresomes. In this study, we have identithe absence of MG132. Under this condition, the expression of GFP-CFTR-⌬F508 in HDAC6 knockdown cells fied HDAC6 as a factor crucial for aggresome formation, the recruitment of misfolded protein aggregates to the again led to profound cell death (Figures 6Cb, 6Cg, and  6Cl) . Quantification shows that more than 75% of GFPdynein motor for transport, and cell survival in response to misfolded protein-induced stress. CFTR-⌬F508-transfected HDAC6 knockdown cells un- First, HDAC6 can bind both polyubiquitinated misfolded proteins and dynein motors. We showed that HDAC6 binds polyubiquitinated misfolded CFTR-⌬F508 via its C terminus ubiquitin binding BUZ domain (Figure  2) , whereas it binds the dynein motor through a separate domain (DMB, Figure 3C) . Thus, HDAC6 can in theory simultaneously associate with both polyubiquitinated misfolded proteins and the dynein motor, facilitating the loading of cargo to the motor (Figures 2A and 3B) . Indeed, we showed that HDAC6 is required for dynein to bind polyubiquitinated proteins ( Figure 3D ) and for the transport of misfolded proteins to aggresomes (Figures 4A-4C) .
Second, HDAC6 colocalizes with both the dynein motor complex and CFTR-⌬F508 in cytoplasmic microaggregates. Immunolocalization demonstrates a clear colocalization between HDAC6 and dynein as well as HDAC6 and CFTR-⌬F508 in small cytoplasmic foci during the course of aggresome formation (Figures 2 and  3) . These results indicate that misfolded-CFTR-⌬F508-aggregates, HDAC6, and dynein form complexes prior to transport to the juxtanuclear aggresome. By virtue of its ability to interact with both misfolded protein cargo and the dynein motor complex, HDAC6 can act to collect and transport cytoplasmic misfolded protein aggregates to the aggresome. gregates to the dynein motors, one would predict that, in the absence of HDAC6, misfolded proteins will remain as cytoplasmic aggregates, as they cannot be transspecific targets of HDAC6 deacetylase activity will be ported to aggresomes. Indeed, instead of a single aggreessential to fully understand how reversible acetylation some, small ubiquitin-containing microaggregates are regulates aggresome formation. found throughout the cytoplasm in a majority of HDAC6 knockdown cells treated with MG132 ( Figure 4B ). Impor-
HDAC6 and Polyubiquitinated Misfolded Proteins tantly, this is the exact phenotype observed when dynein
The involvement of HDAC6 in aggresomes appears to motor activity is inhibited in the presence of aggresomebe highly selective. Although HDAC6 is concentrated in promoting agents (Garcia-Mata et al., 1999). These obaggresomes induced by CFTR-⌬F508, it is not enriched servations place HDAC6 and the dynein motor in a funcin GFP-250-containing aggresomes. Both types of agtional complex essential for aggresome formation.
gresomes share all the known features associated with Notably, a catalytically inactive HDAC6 mutant failed aggresomes, except for one key difference: the CFTRto rescue aggresome formation and the hypersensitivity ⌬F508 aggresomes contain abundant polyubiquitin, but to misfolded proteins in HDAC6 knockdown cells (Fig- 
GFP-250 aggresomes do not (Garcia-Mata et al., 1999). ures 4 and 6). This result suggests that HDAC6 does
How does HDAC6 achieve this specificity, and how imnot function simply as an adaptor that physically links portant is this selectivity? polyubiquitinated misfolded proteins to dynein motors, The answer to the first question may lie, in part, in the but that a deacetylation event is also required for aggrefact that HDAC6 contains an ubiquitin binding domain, some formation. As the only known substrate for the BUZ finger. Although it does not bind unmodified HDAC6, it is reasonable to speculate that the deacetyla-CFTR-⌬F508 with appreciable affinity, HDAC6 specifition of microtubules by dynein-associated HDAC6 might cally binds polyubiquitinated misfolded CFTR-⌬F508 via somehow facilitate the transport of dynein-misfolded the BUZ finger ( proteasomes (2). However, misfolded proteins can es-
